Introduction
Alveolar bone formation and maintenance is thought to rely on the presence of erupting and functioning teeth. The alveolus develops with tooth eruption, including the alveolar bone proper for periodontal ligament attachment, and the surrounding cancellous bone and cortical plates for overall tooth support. Jaws without erupting teeth never develop alveolar processes and consist only of basal bone. 1, 2 Experimental and finite element studies of the loaded tooth and periodontium indicate that the periodontal ligament deforms during occlusal loading and subsequently transmits loads to adjacent bone. 3, 4 The loading environment of alveolar bone, as well as the bone's response to load, however, remain uncharacterised. This study investigates the properties of alveolar bone and the consequences of removal of occlusal load. Ex vivo alveolar strains during occlusal loading were subsequently measured using a materials testing machine (MTS/Sintech). Whole specimen stiffness and principal strains were calculated.
Results: MAR tended to be higher on the extraction side during occlusion. In vivo buccal shear strains were higher in the alveolar bone of the occluding side vs. the extraction side (mean of 471 me vs. 281 me, respectively; p = 0.04); however, ex vivo shear strains showed no significant differences between sides. Stiffness differed between extraction and occlusion side specimens, significantly so in the low load range (344 vs. 668 MPa, respectively; p = 0.04).
Conclusions:
Greater in vivo shear strains may indicate more forceful chews on the occluding side, whereas the similarity in ex vivo bone strain magnitude suggests a similarity in alveolar bone structure and occlusal load transmission regardless of occlusal status. The big overall change in specimen stiffness that was observed was likely attributable to differences in the periodontal ligament rather than alveolar bone.
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Experimental studies have indicated that alveolar bone is likely to receive multiple sources of load. In addition to the occlusal stresses translated from the immediately adjacent tooth and periodontal ligament, loads arise from more remote origins, such as the occlusion of more distant teeth and the activity of masticatory muscles. In vivo measurement of strain in the mandibular body during chewing in pigs, rabbits and primates [5] [6] [7] [8] [9] [10] shows a pattern that fits a model of mandibular torsion during mastication. In these previous studies, strain gages were placed on the basal bone of the mandible; thus strain in the alveolar region during mastication remains unmeasured. This study was undertaken to understand the mechanical properties and functioning of alveolar bone and to test the hypothesis that the tissues supporting an occluding tooth would show greater stiffness and less strain than those of a non-occluding tooth. The rationale behind this hypothesis was that removal of antagonist teeth would remove the primary source of load from alveolar bone, and that when present, this load causes alveolar bone to adapt by fortification against occlusal stresses.
2.
Materials and methods
Animal procedures
All procedures were humane and approved by the University of Washington Animal Care and Use Committee. In six female Hanford miniature pigs, maxillary teeth opposing the mandibular first molar, M 1 , on one side were extracted so that M 1 erupted unopposed. Prior to tooth extraction, lateral cephalograms were taken to establish the positions of the target teeth (unerupted upper first molar, M
1
, and erupted deciduous upper fourth premolar, dp 4 ) within the maxilla. Tooth extraction surgeries were performed in an aseptic facility. Animals were anaesthetised by mask using isoflurane in oxygen and an endotracheal tube was established. The pig was positioned on its back and a mouth prop was placed between posterior teeth. For M 1 , the gingiva was reflected to expose the dental follicle for extraction. For dp 4 , a dental drill was used to section the tooth crown sagittally into mesial and distal parts for easier tooth removal. Following removal of teeth, the gingival flaps overlying M 1 were sutured. Antibiotics (ampicillin) and analgesics (buprenorphine and fentanyl) were administered prior to, and on a daily basis during the recovery period.
Lateral cephalometric films and dental impressions were made in order to track the eruption of M 1 and the development of M 1 /M 1 occlusion on the non-extraction side (Table 1 and Fig. 1 ). In the first week after arrival, pigs were X-rayed to determine whether the eruption of M 1 /M 1 was at the mucosal penetration stage. If not, subsequent experiments were delayed. In pigs with M 1 /M 1 eruption confirmed at the mucosal penetration stage, extraction of one side dp 4 and M 1 were performed the following week. The side of extraction was randomly determined. Subsequent tooth eruption and occlusal development on the non-extraction side M 1 /M 1 were checked by X-ray and dental impressions before proceeding to the following steps. Impression trays were constructed to fit the upper and lower dental arches (TRIAD, TruTray, Dentsply International Inc.). Impressions were made on anaesthetised 
pigs using alginate (Jeltrate, Dentsply International Inc.). Dental stone casts were poured and examined for cusp attrition as an indication of occlusal function. Electromyography (EMG) was used to track the chewing activity before and after tooth extraction (Table 1) . Pigs were trained to eat pelleted pig chow in the laboratory in order to familiarise them with the experimental environment. Surface EMG electrodes were attached to the skin surface of bilateral temporalis and masseter muscles. A ground electrode was attached to the skin overlying the frontal bone. Pigs were awakened and allowed to eat freely during EMG recordings. Baseline EMGs were collected prior to tooth extraction, as well as the week after extraction and subsequently every 2 weeks. The chewing side was judged for each chew based on the EMG activity of the masticatory muscles. Late masseter muscle activity determined the working side for that chew. 7 A terminal procedure to measure alveolar strain was carried out following the development of M 1 /M 1 occlusion (Table 1) . Pigs were anaesthetised by mask with isoflurane and nitrous oxide. A small incision was made buccally to access the buccal alveolar bone supporting the mandibular first molar (M 1 ). The alveolar periosteum was reflected, the bone surface was prepared for strain gage adhesion, and rosette strain gages (Tokyo Sokki Kenyujo Co., Ltd.; FRA-1-11) were glued to the bone. All strain gages were balanced prior to attachment, as well as following attachment but prior to data collection. Strain gage wires exited through the buccal incision and this incision was sutured. This procedure was followed on both right and left sides of the mandible. Additionally, surface EMG electrodes were attached to skin overlying the temporalis and masseter muscles bilaterally. After the administration of analgesics (ketorolac and buprenorphine) the pig was allowed to awaken. The pig fed enthusiastically and alveolar strain and EMG were recorded at 500 Hz using the MP100 System and Acqknowledge software (Biopac Systems Inc., Goleta, CA). Following data recording, the pig was reanaesthetised and subsequently euthanised.
Ex vivo testing
Segments from five of the pigs were prepared from right and left side mandibles as described by Popowics et al. 4 The segments included M 1 and surrounding periodontal tissue, as well as the posterior region of the deciduous fourth premolar, dp 4 . The occlusal surface of M 1 was ground flat with a dental drill in order to support even loading of the tooth, and the dp 4 was ground to a lower level for focused loading on M 1 . Rosette strain gages from in vivo testing were maintained on the buccal alveolar surface and were subsequently used for ex vivo strain measurement. Additional gages were affixed posterior to M 1 on the anterior wall of the M 2 crypt, and on the lingual cortical plate adjacent to the distal M 1 cusps. The occlusal surface of M 1 was loaded in compression at 0.3 mm/s until 890 N using a materials testing machine (MTS/Sintech). This loading rate was selected to approximate the 2-3 Hz chewing rate of minipigs. The 890 N endpoint was selected as a load level likely to be in the upper range of normal bite force in occluding molar teeth. 11 A saline drip was used to maintain specimen moisture. Occlusal tape was placed over M 1 and was checked between tests to verify that the crown bore the compressive load. A series of five cycles was performed sequentially in order to precondition the specimen, and the data from the sixth cycle were used for comparison of overall specimen 
stiffness and alveolar strain. Applied stresses were estimated by dividing compressive loads by the M 1 cross-sectional area. Overall specimen strains were calculated as the change in distance between compression platens divided by the pretest distance. In order to compare the slope of the stress-strain curves with a previous study, 4 the slope of the stress-strain curves was calculated between 200 and 440 N (low load stiffness). Additionally, the slope between 445 and 890 N represented stiffness within the high load range (high load stiffness). Strain gage measurements of alveolar strain were recorded simultaneously with occlusal loading and principal strain magnitudes were calculated at 440 N and the 890 N loading endpoints.
Mineralisation
In five of the pigs, four different fluorescent bone markers were used to measure bone apposition rate in association with tooth eruption. The first bone marker (calcein, 12.5 mg/kg dissolved in saline and neutralised to a pH of 7.4) was administered intravenously immediately following tooth extraction (Fig. 1A) . At 2 weeks post-surgery, during the emergence of the non-extraction side M 1 /M 1 from the gingivae (Fig. 1B) , the second bone marker (alizarin red, 30 mg/kg dissolved in saline) was injected. At 4 weeks post-surgery, corresponding with the occlusion of non-extraction side M 1 / M 1 mesial cusps, the third bone marker (tetracycline, 30 mg/kg dissolved in saline) was injected (Fig. 1C) . The last bone marker (demeclocycline, 12.5 mg/kg dissolved in saline) was delivered at 6 weeks post-surgery when the non-extraction side M 1 /M 1 achieved full occlusal contact (Table 1 and Fig. 1D ). Following mechanical testing, specimens were dehydrated with increasing concentration of ethanol and embedded in methylmethacrylate resin (Microbed, EMS, Fort Washington, PA) without decalcification. UV light (365 nm) was used to cure the methylmethacrylate to polymerisation. The cured blocks were attached to plastic stubs with epoxy glue. A circular saw microtome (Leica SP1600, Germany) was used to section the block parasagittally into 50 mm thick sections. Sections were mounted on slides with DPX mounting medium (Fluka, Switzerland) and viewed with a fluorescent light microscope (Nikon Eclipse E400, Japan). Three sequential sections containing dp 4 and the mesio-and disto-buccal roots of M 1 were measured and averaged.
Image analysis was performed with MetaVue software (Universal Imaging Corp., Downington, PA). The centre of each bone mark was first identified. The distance between 1st and 2nd bone marker centres along the axis of bone growth was divided by the duration between injections as the prefunctional mineral apposition rate (MAR). The distance between 3rd and 4th bone marker centres along the axis of bone growth was measured and divided by the duration between injections as the functional MAR. The distance from the centre of the fourth bone marker to the top of the osteoid along the axis of bone growth was also measured and divided by the number of days between the last injection to sacrifice as the MAR under full occlusal contact. Three locations, including the alveolar bone between dp 4 and M 1 (M 1 mesial), the inter-radicular bone of M 1 , and the alveolar bone distal to M 1 were measured.
Parametric and non-parametric tests (SPSS 15.0, SPSS Inc., Chicago, IL) were used to compare the differences between occluding and non-occluding corresponding parameters. A p value of less than 0.05 was considered significant.
Results

Masticatory EMG and strain
Summaries of chewing side based on EMG data are presented in Table 2 . Baseline chewing activity was not recorded for pigs 4565 and 4744 due to technical difficulties. The percentage of chews on each side prior to tooth extraction ranged from 42 to 55%; thus, percent chewing of approximately 40-60% on each side was defined as normal. At 1-2 weeks following tooth extraction surgeries, all of the pigs showed bias in their chewing movements toward the occluding, non-extraction side of the dentition. By 5-6 weeks post-extraction, most pigs showed a more normal masticatory pattern. Measurements of buccal alveolar bone strain during mastication are given in Table 3 . Regardless of chewing side, strains did not differ; thus, data from right and left side chews were combined. Simultaneous measurement of buccal strain on the occlusion and extraction sides was recorded in four pigs, whereas strain measurements from two pigs (5536, 4744) were not simultaneous but made from different chewing sequences. In pig 5545 only occlusion side buccal alveolar strain was recorded due to technical difficulties with the extraction side strain gage, and this pig was excluded from paired statistical tests. Mean maximum (e 1 ) and minimum (e 2 ) principal strains were similar on the occlusion and extraction sides (226 me and À245 me vs. 198 me and À155 me, respectively), but when the mean shear strain was calculated as e 1 À e 2 the occlusion side was significantly higher than the extraction side (471 me vs. 281 me; 
3.2.
Total specimen stiffness
Stress-strain curves for the ex vivo compressive loading of occluding and extraction side mandibular specimens were distinct (Fig. 2) . On the occluding side, the specimens initially showed low stiffness, but stress increased steadily within the 200-440 N range, which produced 1-2 MPa of stress on M 1 . The curve continued to rise steeply past 2 MPa and reached its steepest level in a linear region within the high load range (3.5-4 MPa). In contrast, the extraction side specimens showed more extensive deformation during early loading and this greater deformation progressed through the low load range. Despite some unevenness, a linear region of increased stress occurred within the high load range. The slopes at low load were significantly greater in occluding than in extraction side specimens (mean stiffness of 668 vs. 344 MPa; Wilcoxon signed rank test p = 0.04, Table 4 ). On the other hand, the slopes at high load did not differ (Table 4 ).
Ex vivo strain gage measurements
During ex vivo compressive loading at either the 440 N or the maximum loading point (890 N), strain magnitudes from extraction side specimens generally did not differ significantly from those on the occlusion side (Table 5 ). For the buccal gage, minimum principal strains (e 2 ) at 440 N ranged from À96 me to À504 me and at 890 N from À170 me to À900 me on each side. In contrast the maximum principal strains (e 1 ) were lower, ranging from 7 me to 106 me at the low load point and were approximately double at the high load point, ranging from 20 me to 200 me. Strain magnitudes for the max (e 1 ) at 890 N differed significantly between extraction and occluding sides ( p = 0.04), however, because the maximum principal strains were low magnitude, and had little effect on shear strain they are unlikely to be biologically significant. Lingual and crypt strain magnitudes were also generally lower at the 440 N load point than the 890 N load point (Table 5) . No differences between occluding and extraction sides could be detected.
Mineralisation
Mineral apposition rate (MAR) analysis was based on measurements from four pigs, due to a technical error in specimen preparation of one animal (Table 6. ). This small sample size, plus substantial variation, resulted in low power to detect real differences. Nevertheless it is notable that prefunctional MAR was similar on the two sides, with the occluding side showing [ ( F i g . _ 2 ) T D $ F I G ] Fig. 2 -Typical stress-strain curves from compressive loading of occluding and extraction side M 1 specimens from pig 5545. The occluding side specimen showed less deformation at low load than the extraction side specimen. 
slightly higher means at two of the three sites measured. At every subsequent time period, however, and at every site, the extraction side showed greater MAR, nearly significant in one comparison (Functional MAR, mesial location, p = 0.06).
Discussion
Maxillary tooth extractions clearly altered masticatory function during M 1 tooth eruption and occlusal development, and removed one source of load from M 1 alveolar bone. Immediately following the unilateral M 1 and dp 4 extractions, pigs favoured chewing on the non-extraction side. At this early stage of M 1 eruption, the occluding side M 1 had not yet reached occlusion, thus the preference for non-extraction side chewing likely was an avoidance of the contralateral wound site. With continued M 1 eruption and occlusal contact on the nonextraction side, most pigs recovered a chewing style that used both sides almost equally. Nevertheless, alveolar strains recorded during mastication at the end of the study were greater on the occluding side. These higher occlusion side strains are likely to reflect direct loading of M 1 and could indicate more forceful chews on the occlusion side. It is important to note that pigs have bilateral occlusion, with both sides normally in contact regardless of the side of chewing.
12
Although maxillary extractions removed a major source of M 1 load, substantial strain was present still in the alveolar bone supporting unopposed M 1 's indicating loading from a source other than M 1 occlusion. Both extraction and occlusion sides showed a balance of mean maximum and minimum principal strains, suggesting a similar pattern of torsional deformation. These alveolar strains were similar in magnitude to those recorded in a previous study at a location on the mandibular corpus below dp 4 . 7 This previous study proposed 
that masseter activity in conjunction with occlusion of anterior teeth could twist the mandible during chewing; in the present study, such twisting could account for the strain levels in alveolar bone supporting non-occluding teeth. Although measurements of in vivo strain and muscle activity suggest changes in usage of occluding and extraction side M 1 's, under identical loads ex vivo measurements of alveolar strain showed no differences at any of the three gage locations. The presence of similar strain levels when the load is kept constant indicates that these alveolar regions were equally stiff. These results contradict our original hypothesis that alveolar bone supporting occluding teeth would show greater stiffness and less strain. Evidently, strain generated through more remote loading sources, such as occlusion of surrounding teeth and contraction of masticatory muscles, is sufficient to promote alveolar stiffness in unopposed teeth. The specific deformation of cancellous bone within the alveolar processes remains unknown, although potential differences could be explored using the finite element method. 13 In support of our original hypothesis, differences in whole specimen stiffness were observed; however these differences indicate discrepancies in PDL transmission capacity rather than in alveolar bone deformation. The stress/strain curves showed significant differences at low load levels at which pigs typically chew (200-560 N 11 ). This stiffness of the occluding side (668 AE 183 MPa) compares well to baseline values for this range of stress seen in previous studies by others (534 MPa 14 ) , whereas the stiffness of the extraction side was clearly lower (344 AE 101 MPa). Because the PDL acts as a shock absorber, dampening occlusal loads prior to transmitting them to the surrounding bone, the early part of the stress/strain curves is likely to represent PDL deformation, whereas the later portion of the curve with higher stiffness is likely to reflect the recruitment of alveolar bone. The PDL may be less mature in the unopposed extraction side M 1 's than in the occlusion side, contributing to greater deformation on the extraction side. In a previous study, such a discrepancy in PDL development between erupting M 1 's and occluding M 1 's was also thought to account for differences in stiffness during ex vivo compression. 4 Lastly, alveolar bone mineralisation was not higher when the molars were in occlusion. Rather, bone growth fortified the tooth regardless of occlusal status. In fact, the extraction side showed a tendency for greater mineralisation, which may have been due to supra-eruption. An increase in vertical height of alveolar bone associated with unopposed teeth has been observed in mice and rats. 15, 16 Comparable levels of mineralisation between sides in this study are consistent with the finding of similar magnitudes of ex vivo alveolar strain.
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